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Abstract: This report documents an application of linear integer pro-
gramming for determining compact and ecologically valuable conservation 
management areas (CMAs) on a military installation with populations of 
at-risk animal species. Two models were developed and applied to the con-
servation efforts Fort Stewart, GA, involving the at-risk Gopher Tortoise 
(GT) and the tortoise-dependent Gopher Frog (GF). 

The models produced solutions that are consistent with the species con-
servation and military training land-use objectives at Fort Stewart. They 
identified suitable, compact GT habitat clusters and were able to minimize 
the total amount of managed areas by selecting fewer and better sites. In 
runs that incorporated GF requirements into the GT analysis, the model 
was able to determine that the optimized GT CMAs also will support a 
small number of GF sites. However, on runs that assumed a large required 
number of GF sites, the GT results changed considerably in order to incor-
porate the GF sites. Both the single and joint species conservation man-
agement models were solvable in a short computation time, suggesting 
that these models may be applied to much larger data sets without signifi-
cant data processing problems. The methods introduced here may be mod-
ified for application to other species, locations, and land uses. 
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1 Introduction 

1.1 Background 

Suitable habitat areas for many rare, threatened, or endangered species 
are located in the vicinity of military installations in the United States. 
While some habitat deterioration is caused by military training, it is often 
observed that the military ownership of these lands protects them from 
more destructive and permanent urban and agricultural development. In 
addition to isolating these lands from extractive economic uses, the De-
partment of Defense (DoD) allocates a significant amount of human capi-
tal and land for protecting and managing wildlife habitat in and around 
installations. In 2006, the DoD spent $4.1 billion on environment-related 
expenses, of which $1.4 billion was for environment restoration and 
$204.1 million was for conservation [1]. However, both conventional and 
new training requirements make it necessary to effectively balance these 
competing objectives and land uses. As an alternative to costly solutions, 
such as purchasing land or acquiring property rights, more effective utili-
zation of the existing lands for conservation and military purposes can be 
accomplished by optimizing the landscape to satisfy the essential conser-
vation and military training area needs. 

Fort Stewart, GA, is one military installation that is challenged with bal-
ancing these conflicting objectives. The installation currently has an exten-
sive population of Gopher Tortoise (Gopherus polyphemus), often referred 
to as GT. It is considered a species at risk (SAR) [2] on Fort Stewart, and is 
also a keystone species upon which other animals rely for their survival. 
One such animal is the at-risk Gopher Frog (Rana capito), or GF, which 
depends partly on GT burrows for survival. In an effort to most effectively 
manage the GT and GF populations, Fort Stewart is looking into the opti-
mal selection of habitat areas that can be made available for the protection 
of these two species (and also others, such as Indigo Snake and Striped 
Newt).  

The University of Illinois and the US Army Engineer Research and Devel-
opment Center – Construction Engineering Research Laboratory (ERDC-
CERL) have collaborated on developing optimal land-use strategies for 
Fort Stewart and other installations that incorporate both ecologically im-
portant considerations and military training requirements. Solutions to 
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the optimum site selection problems described here have been formulated 
as linear integer mathematical programming models.  

Since GT is a ground-bound species, the selected areas should be as com-
pact as possible, and preferably contiguous, in order to allow movement of 
individuals in the selected areas and facilitate interaction within and 
among multiple populations in those areas. A compact conservation man-
agement area (CMA) would also be easier to fence, if needed. Further-
more, since GT is a keystone species and the GF relies on GT burrows to 
survive, incorporating the GF management areas into the model would 
further increase the efficiency of CMA selection because joint management 
of two species is always more efficient than independent management of 
individual species. Since the GF depends on access to water for a portion 
of their life cycle, the distances of GF sites to both ponds and nearest GT 
habitat sites need to be considered when determining the best GT sites. 

In light of the above, specifying the most suitable CMAs for GTs must in-
volve various important ecological and spatial considerations including the 
following: (1) each designated CMA must have a minimum size, either 
specified in terms of the land area or in terms of the GT population in that 
CMA; (2) each CMA should preferably have a compact (circular or square-
like) shape; (3) the presence of GF should be considered for joint man-
agement efficiency; (4) the GF management areas must be close to both 
GT sites and existing ponds in the installation area; and most importantly 
(5) land uses for conservation must be compatible with the existing mili-
tary land uses and training activities. 

1.2 Objective 

The objective of this work was to demonstrate the use of linear integer 
programming formulations to identify the sites for forming clustered bio-
diversity management areas within the boundaries of a military installa-
tion. This demonstration encompassed the development of a basic clus-
tered site-selection model that was extended to include a secondary 
species; and the application of derivative models to a dataset related to the 
Gopher Tortoise (GT), a keystone species currently considered at risk; and 
the Gopher Frog, a species dependent on GTs and access to ponds, at Fort 
Stewart, GA. 
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1.3 Approach 

The optimum site-selection models documented in this report were coded 
and solved using General Algebraic Modeling Software (GAMS)1

2

, a com-
mercially available general-purpose optimization software platform used 
for mathematical modeling [3]. We developed two linear mixed-integer 
programming models: the base model, which selects the best sites to be 
managed as GT habitat areas alone; and a second model that extends the 
base model to include GF for joint management with GTs. The details of 
the models are presented in Chapter .  

The models are applied to data from Fort Stewart and the empirical results 
of our analysis are presented together with a discussion of the results. The 
data set for the empirical application was obtained as Esri shapefiles from 
land managers at Fort Stewart and converted to a form accessible to 
GAMS using Esri ArcGIS 9.32

3
. Data processing details are presented in 

Chapter .  

1.4 Scope 

The methodologies presented here can be applied to many land manage-
ment problems involving habitat conservation. Although the specific prob-
lem may differ from one case to another in terms of unique characteristics 
of each installation military training and ecological needs of the subject 
species, the methods are readily transferable. 

Although the models are mathematically complex, the empirical applica-
tions demonstrate that they can be solved within a reasonable computa-
tion time for the data set used here.  

1.5 Mode of technology transfer 

The models described in this report are being presented at conferences 
and seminars to inform military installation land managers, land manag-
ers of conservation agencies, academics and researchers of (1) the ability to 
incorporate spatial considerations in optimum land selection models to 
select the best lands for conservation goals and (2) the availability of these 
models for direct application at various locations. The theoretical contri-

                                                                 
1 GAMS Development Corporation, 1217 Potomac Street NW, Washington, DC 20007. 
2 Esri, 380 New York Street, Redlands, CA 92373. 
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butions of the models are being prepared as a manuscript for submittal to 
a peer-reviewed journal.  
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2 Methods and Model Development 

2.1 Integer programming in conservation management 

The use of mathematical programming models in biological conservation 
management and reserve design goes back to the late 1980s3

lmp

 [4]. In its 
simplest form, the problem is stated as selecting a minimum number of 
habitat sites that support specified populations of a set of target species, or 
maximizing the number of species that can be protected by selected sites 
under a conservation budget constraint or area limitations. Both problems 
are formulated as linear integer programs (IP) that are special cases of the 
prototype set-covering problem and the maximal covering problem [8, 9, 
13 – 19]. Here we use the first approach. Given L sites, where site l pro-

vides habitat services to  individuals of species m, and a total protected 

population requirement of mtp for species m, the basic set-covering prob-
lem would take the following form:  

(1.1)   Minimize   

                 such that:
(1.2)             for all m

(1.3)             0,1   for all 1,..., .

≥

= =

∑

∑

l
l

lm l m
l

l

S

p S tp

S l L

 

In the above model, lS denotes a binary variable where lS = 1 indicates that 

site l is selected as part of the CMA, and lS = 0 otherwise.  

Typically, the above optimum site selection model results in highly sparse 
and dispersed configurations. As an example, considering only GTs, the 
result of the model for tp = 5,000 GTs is given in Figure 1a. Four of the six 
management areas (including 12 sites in all) are comprised by single par-
cels and they are scattered across the installation. The result for 5,000 GTs 
and 20 GF sites is given in Figure 1b, which again shows that the selected 
sites are scattered across the installation. Due to the lack spatial coher-

                                                                 
3 Initial studies used mostly heuristic methods for this purpose [5 – 9]. Heuristic procedures may occa-

sionally yield optimum solutions, but more often they lead to significantly suboptimal outcomes [9 – 
12]. 
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ence, neither of the two selections would be considered good solutions 
becaue it would be costly and ecologically impractical to manage so many 
small and spatially dispersed sites. 

Recognizing this deficiency, several integer programming models have 
been developed in recent years to incorporate various forms of spatial con-
siderations, such as connectivity, compactness, fragmentation, buffer 
zones, etc. ([20 – 28]; see [29] for a review). This type of consideration 
generally requires a more complex mathematical formulation and large-
scale models. In the problem addressed here spatial coherence of the des-
ignated CMAs for GTs is particularly important. We present extended 
formulations below to determine an optimal selection of areas for conser-
vation of GTs alone and then GTs and GFs together based on the habitat 
suitability characteristics and geographical locations of individual sites.  

 
a. No Gopher Frog. 

 
b. 20 parcels of Gopher Frog. 

Figure 1. Results for basic set-covering problem with total carrying capacity of 5,000. 
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The models presented here consider a grid partition consisting of square 
land parcels4

Figure 2

. Each parcel (i.e., site) is assumed to be an independent deci-
sion unit. When selecting sites to configure a compact CMA, the locations 
of individual sites relative to other selected sites and their contributions to 
the conservation of GT are taken into account simultaneously. More spe-
cifically, we require a CMA to be formed by a set of sites packed (clustered) 
around a central site. a depicts a scattered CMA while Figure 2b 
shows a clustered CMA where C indicates the central site and SI indicates 
the sites selected as part of the CMA. Configuring CMAs as shown in Fig-
ure 2b requires determining the central site for each CMA and the assign-
ment of individual selected sites to their CMAs in an endogenous way 
while satisfying the specified conservation requirements5

2.3
. This is accom-

plished by the algebraic models presented in sections  and 2.4.  

 
Figure 2. Scattered sites compared with clustered CMA. 

2.2 Notation 

We denote the set of all sites by L and individual sites by ,k l L∈ . Site se-

lection and assignment to a CMA is represented by a binary variable Xlk, 

                                                                 
4 The square-cell assumption is not restrictive. The approach developed here can be applied to other 

geometric forms, such as triangles, rectangles, polygons, or even irregular forms. 
5 This model is an extension of classic p-median problem formulation [30]. Similar models for clustering 

have been used previously in the literature of reserve design, business districting, and political district-
ing [23, 29]. 

 

 
2a. Scattered selection. 

 

 
2b. Clustered selection. 

   C1 

  S1   S2 

  S3 

   C1 

  S1 

  S2 

  S3 
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where Xlk =1 if site k is selected and belongs to the CMA centered at site l 
and Xlk =0 otherwise. Note that by construct Xll =1 for all central sites l, 
i.e., the central site of each CMA must belong to that CMA. Sites in the 
most heavily used military training areas (existing or potential) are not 
considered for inclusion in any CMA, so we set Xlk =0 if site k is part of a 
training area. The symbol dlk denotes the distance between site l and site k, 
and ek denotes the existing population of GT in site k. The number of 
CMAs (clusters) to configure is denoted by n; which is specified exoge-
nously, but varied when designing alternative optimal configurations. 
Each CMA is required to sustain a minimum GT population, denoted by p. 
Finally, the total GT population in all the selected areas is represented by 
tp. 

2.3 Base model 

We first address the problem of constructing n compact CMAs for GTs, 
each covering a minimum sustainable GT population and collectively cov-
ering a desired GT population. Here we define compactness of a CMA as 
the overall closeness of all sites within it. We measure the latter by the sum 
of distances from all sites in a cluster to the central site, which must be 
minimized to the greatest extent possible6

(2.1)      Minimize   *

                   such that:
(2.2)                        

(2.3)                        1  for all 

(2.4)                        *   for all 

(2.5)

lk lk
l k

ll
l

lk
l

lk k
k

X d

X n

X k

X e p l

=

≤

≥

∑ ∑

∑

∑

∑
                        *  

(2.6)                            for all 
(2.7)                        0,1   for all 

lk k
l k

lk ll

lk

X e tp

X X l,k
X l,k

≥

≤
=

∑∑

. An algebraic model that serves 
this purpose, which we refer to as the base model, is given in (2.1) – (2.7). 

 

                                                                 
6 Compactness is not a well defined concept. Note that the absolute value of the compactness measure 

defined here may not mean much by itself, but instead has to be considered together with the size of 
the reserve (number of sites involved). This is because a reserve with only a few distant sites may have 
a smaller total distance value than a reserve with too many tightly packed sites, whereas in practice 
the latter should be considered more compact. Although not being fully satisfactory, this definition 
serves the specific purposes of the present study. Minimizing the total distance typically results in a 
circular and connected reserve configuration.  
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The objective function involves the distances from individual sites in each 
CMA to the center of that CMA, which in turn is summed over all CMAs. 
Minimizing this sum of distances achieves a clustered CMA. Constraint 
(2.2) ensures that n CMAs are created. Constraint (2.3) states that each 
site can belong to at most one CMA centered at some site l. Constraint 
(2.4) requires that each CMA supports a population that exceeds the min-
imum sustainable size7

The base model identifies the most suitable clusters to be considered as 
CMAs for GTs. However, it does not incorporate GF considerations. We 
next present a modification of the model that determines GT and GF man-
agement areas simultaneously.  

, while constraint (2.5) ensures that all CMAs col-
lectively support a desired total population. Finally, constraint (2.6) im-
plies that if site k is selected and assigned to the central site l, i.e., Xlk =1, 
then a CMA centered at site l must be formed, i.e., Xll must be 1, otherwise 
we have Xlk =0.  

2.4 Simultaneous selection of CMAs for GT and GF 

The best CMAs for both GT and GF must have the following properties: (1) 
the GT CMAs must be as compact as possible; (2) each CMA must be large 
enough to include a sustainable GT population; and (3) individual CMAs 
must contain a minimum number of GF sites that are within 2 km of an 
existing pond. The first two criteria are already included in the base model 
formulation. The last criterion is necessary because the GF life cycle re-
quires access to a reliable water source, and the maximum distance from a 
water source is known to be 2 km. 

In addition to the notation used earlier we define a new binary variable, kY  

for site k, where kY  = 1 if site k is selected as a designated GF habitat area 

and kY  = 0 otherwise8 f. We also define the following new symbols:  de-

notes the desired minimum number sites assigned as GF parcels; kdp  de-

notes the distance between site k and the nearest pond, and denotes d the 
maximum allowed distance between a designated GF site and the nearest 
pond. Constraints (2.7) and 2.8) are added to the base model to incorpo-
rate the GF management area requirements.  

                                                                 
7 This constraint can also be expressed in terms of a minimum number of sites in each CMA if the effec-

tiveness of conservation effort is related to the size of the CMAs. 
8 As formulated, we require that only sites selected as GT sites can be considered as GF sites 
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:

(2.7)            for all 

(2.8)           

(2.9)          0,1      for all 
               

k

k lk
l

k
k dp d

k

Y X k

Y f

Y k
≤

≤

≥

=

∑

∑  

Constraint (2.7) ensures that only sites selected as GT sites can be consid-
ered as a GF site. In other words, if site k is designated as a GF site (i.e., Yk 
= 1) then it must be assigned to some GT CMA centered at site l (Xlk = 1). 
Constraint (2.8) ensures that the model selects at least f GF sites. Note that 
a GF site can be considered as a designated site only if its distance from a 
pond is at most d , as implied by the condition underlying the summation 
in (2.8). 

2.5 Data and Input 

The data on current military training areas and the location of ponds were 
obtained as raster files from Fort Stewart. The habitat areas suitable for 
GT were obtained as raster files from the national biological information 
infrastructure [31]. These raster files were converted to Esri shapefiles us-
ing ArcGIS 9.2. The current military training areas are shown in Figure 3a, 
the GT suitability is depicted in Figure 3b, and the locations of the ponds 
are shown in Figure 3c. A 55 x 30 grid file, where each grid cell is a 1,000 
m x 1,000 m square, was created using GeoDa9

Figure 3

 and the grid shapefile was 
spatially joined with the above shapefiles using the spatial join function in 
ArcGIS. The spatial join function gives the grid file the attributes of the 
shapefile. To ensure that each grid cell represents a density of the original 
data, the sum option was used when joining the habitat suitability data. 
The grid cell values for b are given as the sum of suitable points 
(the GT suitability raster map10 was converted to a point shapefile) within 
the grid cell. The suitability index ranges from 0 – 60011

                                                                 
9 Center for Geospatial Analysis and Computation, Arizona State University, 

.  

http://www.asu.edu.  
10 GT Suitability values were calculated by Dr. Jim Westervelt and Dr. Tracey Tuberville.  
11 The carrying capacity values in the suitability map are GT/ha. The number of tortoise in each grid cell 

= (suitability value of grid cell/121)*100. A one-hectare land parcel can support between 2 to 5 GTs. 
This is equivalent to supporting between 200–500 GTs per site at the 1,000m x 1,000m resolution. 
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a. Ranges 

 
b. Suitability Index for GTs. 

 
c. Location of ponds. 

Figure 3. Summary of data. 
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3 Results and Discussion 

The models described by (2.1) – (2.6) and (2.7) – (2.9) were solved using 
GAMS/CPLEX version 21.6 on a personal computer running Microsoft 
Windows XP with an Intel Core 2 Duo processor and 2 Gb of RAM. It is 
assumed that the final total GT population in all CMAs must be at least 
5,000. In theory, the GT populations can be moved to a single large CMA 
or multiple smaller CMAs all located outside the military training areas. 
The model is solved with various specifications for the number of CMAs. 
There are two reasons for specifying more than one CMA. First, we may 
want to separate the overall GT population into smaller populations, each 
being located in a different part of the installation area, in order to safe-
guard them against potential total destruction that may occur in the man-
aged areas, such as the spread of a disease. Second, establishing a single, 
large conservation area reduces military land-use flexibility if further ex-
pansion of training areas is needed in future. These potential problems can 
be mitigated by designing multiple and relatively small conservation areas. 

In all of the model runs described below, the minimum population for 
each CMA was specified as 1,000. The base model was solved with one, 
two, three, and four CMAs. The joint management model (2.1) – (2.9) was 
first solved for a minimum of 10 GF parcels and then for 20 GF parcels12

3.1 Base model results 

. 
A wide range of potential parameter values were tested after discussions 
with the base land managers. We present the results here to highlight the 
model’s ability to (1) optimally select the CMAs, (2) illustrate the workings 
of the models, and (3) demonstrate the tradeoffs between incorporating 
different spatial criteria in site selection. 

The base model results are shown in Figure 4 for one, two, three, and four 
CMAs. Comparing the results in Figure 4 with the suitability map given in 
Figure 3c illustrates that the base model simply selects from among the 
most densely packed and best available sites to form contiguous and com-
pact CMAs. The optimal solution with one large conservation area (Figure 
4a) shows that this area would be located at the southwest corner of the 
                                                                 
12 The only GF criteria we required were that a GF site also had to be a GT site and be located within 2 

km of a pond. These criteria can be refined using the available data (e.g., a subset of all ponds such as 
those that are larger than a certain size or have water during the GF breeding season). 
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installation. The CMA is contiguous but the compactness of the CMA is 
poor and the selected sites are meandering in shape. Also, the solution has 
16 sites versus the 12 sites in the basic set-covering problem (see Figure 
1a). The lack of compactness and the increase in the number of selected 
sites are both driven primarily by the fact that the model is forced to 
choose one cluster of habitat sites that meet the population criteria, and 
the only available large quantity of good-quality sites are in that part of the 
installation. The good-quality sites in other parts of the installation are not 
in the solution because (1) those sites are under military use or (2) they are 
located far apart from each other.  

  
a. One CMA. b. Two CMAs. 

  
c. Three CMAs. d. Four CMAs. 

Figure 4. Results for total carrying capacity of 5,000. 

For the two-CMA case the model chooses two clusters with seven and eight 
sites, respectively (Figure 4b), for a total of 15 sites. Although the two clus-
ters are again selected in the southwest corner of the installation, allowing 
for two clusters enables the model to achieve the population goal with one 
less site than the one-cluster case. The three-CMA case selects a total of 14 
sites (Figure 4c), with two clusters in the southwest part of the installation 
and one cluster in the north-central part. Finally, the four-CMA case se-
lects 13 sites from three separate areas as shown in Figure 4d. This clearly 
demonstrates that as more CMAs are considered the model is able to 
choose fewer and better sites in different parts of the installation, decreas-
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ing the total area needed for the same level of conservation. Unlike the 
scenario involving one large CMA, the two-, three-, and four-CMA configu-
rations consist of compact clusters as opposed to the meandering configu-
ration in Figure 4a. Based on these results, we may conclude that if the size 
of the total area of all CMAs must be significantly constrained, forming 
four CMAs—two located in the southwest, one located in the west-central 
area and one located in the north-central areas—would be the best strategy 
as it selects only 13 sites. It is noteworthy to state that this alternative in-
cludes just one more site than the scattered configuration given in the set-
covering solution (Figure 1a). 

3.2 Joint management results 

The results of the joint management model (2.1) – (2.9) are shown in Fig-
ure 5 – Figure 8 for one, two, three and four CMAs, respectively. In each 
figure, item b displays the results for at least 10 GF sites (f=10) and item c 
displays the results for at least 20 GF sites (f=20).  

  
a. No Gopher Frog. b. 10 Parcels of Gopher Frog. 

  
c. 20 Parcels of Gopher Frog. d. 10 Parcels of Gopher Frog (identified with F). 

Figure 5. Results for one cluster of GT with total carrying capacity of 5,000. 

The optimal solution with one large conservation area and 10 GF sites 
(Figure 5b) shows that this area would, as in other solutions, be located at 
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the southeast corner of the installation, and is identical to the solution 
without GF considerations. This is because, as depicted in Figure 5d, there 
are 10 sites in that area that are within 2 km of a pond in that solution. 
When the number of GF sites is increased to 20 sites, the selected sites are 
still in the southwest corner of the installation, but the locations change 
because the model now has to add more sites that are located within 2 km 
of a pond.  

The results for two CMAs are shown in Figure 6. For 10 GF sites, the opti-
mal configuration is similar to the base model solution. When 20 GF sites 
are required, the results change dramatically, as the model selects one 
compact CMA with 9 sites and another with 11 sites that are located away 
from each other and close to the locations of the ponds.  

The results for three CMAs are shown in Figure 7. In the base model solu-
tion one CMA was located in the north-central region away from ponds. 
The case with 10 GF sites (Figure 7b) now moves that CMA located away 
from the ponds to a region with nearby ponds without increasing the total 
number of selected sites. The case with 20 GF sites (Figure 7c) again se-
lects more sites and has three CMAs that are located in different regions of 
the base.  

The solution including four CMAs (Figure 8)shows that it is possible to 
meet the 5,000 GT population and the 10 GF site goals with only 13 sites, 
just one more site than the set-covering solution and same as the GT-only 
solution. When requiring 20 GF sites, the optimal selection includes more 
sites that are located in the west side of the installation and part of the well 
grouped compact GT clusters. Clearly this is a much-preferred configura-
tion, as opposed to the spatially unrestricted (and thus scattered) configu-
ration shown in Figure 1b. In general, allowing for four CMAs results in 
more compact CMAs since the model is able to place the smaller CMAs in 
the most suitable areas while allowing for large enough individual CMAs to 
support a minimum viable population of GTs assumed in the analysis.  
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a. No Gopher Frog. 

 
b. 10 Parcels of Gopher Frog. 

 
c. 20 Parcels of Gopher Frog. 

Figure 6. Results for two clusters of GT with total carrying capacity of 5,000. 
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a. No Gopher Frog. 

 
b. 10 Parcels of Gopher Frog. 

 
c. 20 Parcels of Gopher Frog. 

Figure 7. Results for three clusters of GT with total carrying capacity of 5,000. 
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a. No Gopher Frog. 

 
b. 10 Parcels of Gopher Frog. 

 
c. 20 Parcels of Gopher Frog. 

Figure 8. Results for four clusters of GT with total carrying capacity of 5,000. 
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4 Conclusions 

This report has presented an application of linear integer programming to 
determine compact and ecologically valuable conservation management 
areas (CMAs) on a military installation with populations of species at risk. 
Two models were developed and applied to conservation efforts at Fort 
Stewart, GA, involving the Gopher Tortoise and Gopher Frog. The Gopher 
Frog depends on Gopher Tortoise presence in protected areas, and also 
requires proximity to ponds for breeding purposes.  

The models identified CMAs that meet Fort Stewart’s military and ecologi-
cal land management criteria by: 

• selecting compact GT site clusters to comprise each CMA 
• identifying possibilities for establishing multiple CMAs, instead of a 

single large one, which improves sustainable habitat quality while re-
ducing the amount of military training land dedicated to CMAs 

Additionally, incorporating GF habitat requirements into the GT analysis 
did not change the results when a small number of GF sites were assumed, 
but the results changed considerably in runs where a large number of GF 
sites were required.  

The single and joint species conservation management models were solva-
ble in a short amount of computation time, which suggests that the formu-
lations presented here may be applied to much larger data sets without 
concern about data processing requirements. In all cases, the optimum so-
lutions were obtained after only a few minutes of processing time.  

Adding extra requirements to the model, such as a need for additional GF 
conservation requirements, can force the model to select a number less-
suitable parcels when the best available parcels do not meet criteria for lo-
cation, compactness, or other parameters. This can lead to the selection of 
larger CMAs or poorer compactness. Predictably, then, there is a tradeoff 
between incorporating additional requirements and the economic efficien-
cy in optimal selection of conservation CMAs. 
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The sites, represented by grid cells in the model, are rather large (1,000 x 
1,000 m). In many practical CMA design problems, much smaller areas 
may have to be considered as decision units, depending on factors such as 
data accuracy, site costs, and uniformity of individual sites in terms of 
their habitat characteristics. That requirement could increase model size 
considerably and lead to computational difficulties. However, for conser-
vation analyses that require higher resolution, this model would support a 
multistep modeling approach in which low-resolution data can be used 
first to locate the general area, then successively higher-resolution data 
can be used for the surrounding areas in successive model runs. In each 
successive run the model may be restricted to the area selected in the pre-
vious run, and the large grid units in that selection can be subdivided into 
sufficiently small spatial decision units to identify the specific conservation 
areas at desired resolution.  

The results presented here demonstrate that it is possible to optimally se-
lect compact sites that form up to four centrally placed CMAs within the 
boundaries of a specific military installation. The CMAs become smaller 
and more compact, and comprise higher-quality sites, as the allowed 
number of CMAs increases. However, those CMAs may be dispersed 
throughout the installation. When GF considerations are included, the 
model identifies CMAs that simultaneously serve as good GT habitats and 
also GF habitats, which indicates that ecological considerations for multi-
ple species can be incorporated jointly within a unified framework.  

A significant empirical finding of this study was that Fort Stewart’s GT 
habitat conservation objective can be served by designating only a small 
amount of land, thus avoiding significant sacrifice in the availability of 
military training land for current and future requirements. 

With appropriate modifications, the methods introduced here can be ap-
plicable to many other conservation problems involving different at-risk 
species and multiple land uses.  
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